We determined the natural Cd balance in a cultivated rice paddy field in Japan. The main sources of Cd in the non-polluted paddy field were phosphorus fertilizer and precipitation (annual input of Cd, 2,000 mg ha 21 and 1,020 mg ha
INTRODUCTION
The average cadmium (Cd) concentration in Japanesegrown rice tends to be higher than concentrations found in other countries, and is therefore viewed as a problem (Masironi et al. 1977 ; MAFF official homepage). However, the reason for the higher concentration in Japan has yet to be identified. Cd loading can be decreased by removing Cd in irrigation water in a Cd polluted rice paddy (Kikuchi et al. 2007a,b) . However, in a non-polluted field there is a high amount of Cd loading, which can be caused by, for example, using phosphorus fertilizer (Mishima et al. 2004) , and precipitation (Itoh et al. 2006) . Cd was also found leaching out into subsoil from a manure-amended paddy field (Abe et al. 2006) . For this reason, it is further necessary to assess the Cd loading and balance in agricultural soils from the non-polluted cadmium rice paddy field. The purpose of this study is to determine the Cd balance in cultivated land by observing and evaluating the water balance; i.e. irrigation drainage water, precipitation, percolating water and evapotranspiration.
EXPERIMENTAL Site description
The study was conducted at a farming paddy field in the city of Tsukuba district, Japan The drainage water volumes were measured by the weir, which was established at the end of two drains (Figure 2 ).
The drainage volume was calculated from the water level data, using the same method as for calculating the irrigation volume.
The percolating water volume was measured with a float type water gauge (Daiki DIK 4300 and DIK 4210).
This equipment was setup inside the paddy field at the three points. The decreasing level of the paddy field water was recorded every 2 or 3 days.
The precipitation, during the cultivation period, was measured within an accuracy of 0.1 mm using the rain gauge (Campbell, TE525).
The half-hourly evapotranspiration rate was calculated via the eddy covariance method, using a sonic anemometer (Kaijo, DA-600) and an open path type CO 2 /H 2 O gas analyzer (Li-Cor, LI-7500), set at the height of 3.25 m.
Sampling and chemical analysis of samples
The irrigation drainage water was sampled 24 times in total, at a frequency of more than once a week on days without rainfall, during April through to August, 2005 . All the water samples were collected in 100 mL polyethylene containers.
The samples were filtered in duplicate under reduced pressure through membrane filters (Advantec cellulose acetate, 0.45 mm pore diameter). The filter containing the suspended solid (SS) was oven-dried (758C for 48 h) for subsequent acid digestion. The digestion methodology was modified from a procedure designed by Sugiyama (1996) .
The filtered SS samples were placed into fluoro-resin beakers with acids (HClO 4 0.3 mL; HNO 3 1 mL), and heated gradually (1208C for 1 h; 1508C for 1 h; 1708C for 4 h) on a plate. Following the digestion of the samples, the acid was evaporated until a result of almost dryness. The residue was then digested with acids (HClO 4 0.5 mL; HF 1 mL), heated until the samples were almost dry, and then redissolved in 0.5 M HNO 3 (5 mL). The extracts (0.5 mL)
were diluted with 10 mg L 21 indium (In) (0.5 mL) and 0.4 M HNO 3 (4 mL), and then analysed via inductively coupled plasma mass spectrometry (ICP-MS).
The filtered water samples (4 mL) were diluted with 10 mg L 21 In (0.5 mL) and 4 mol L 21 HNO 3 (0.5 mL), and evaluated with ICP-MS for analysis of dissolved Cd.
The percolating water was sampled in 2002 (Hamada et al. 2004) . A suction lysimeter (Sankei Rika SK-5218), which was equipped with a porous ceramic filter at the lower end of the probe, was used to obtain the water that passed the ploughed layer of soil (20 cm in thickness). In this study, the water was collected from three points; PW-1, PW-2a and PW-2b (Figure 2 ). The percolating water, which was stocked into the equipment, was collected by a syringe (Daiki, DIK DIK8390-7, 60 mL) via the pipe joined with the equipment. The percolating water samples were analysed with the same method as the method used for the filtered irrigation drainage water samples.
The aerial parts of the rice plants were harvested on September 13, 2005. Three rice plants were collected from the same three places where the soil was sampled. Each sample was rinsed with water and catalogued according to where it was collected. These samples were dried (758C for 48 h) and ground using a mill (SPEX Certiprep 800M
Mixer/Mill) and digested, following Kawasaki et al.'s (2004) methodology. The ground sample (0.5 g) was placed into fluoro-resin vessel with acids (H 2 O 2 , 1 mL; HNO 3 , 3 mL) in a microwave oven (MILESTONE mls1200 mega). Following the digestion, the extracts were diluted and analysed using the same method as used for the soil analysis.
The sampled soil was collected from the surface of the ploughed layer at a depth of 4 cm, at three points; IR-1, DR-2 and the central part in the paddy field (Figure 2 ). The digestion methodology followed Kaburagi et al. (2003) . The soil samples (0.5 g) were placed into fluoro-resin beakers with acids (HClO 4 5 mL; HNO 3 10 mL) and heated on a plate (1208C for 3 h). The acid was then evaporated until the samples were almost dry. The residues were further digested with acids (HClO 4 5 mL; HF 10 mL) and again evaporated.
The remaining samples were redissolved in HNO 3 (5 mL) and diluted with H 2 O to a volume of 50 mL. The extracts were determined using the same method as used for the SS analysis.
Input/output balance of Cd
Fluxes of Cd were calculated on the basis of water balance data (inputs: irrigation volumes and precipitations; outputs:
drainage volumes, evapotranspiration, and leaching 1 ).
The annual atmospheric Cd deposition in bulk precipi- low in 'reduction' conditions, but Cd dissolves more easily from the paddy soil by rice planting in 'flooding' conditions.
In the early stages of cultivation (which is until the riceplanting period), the concentration of suspended Cd was high in the irrigation water and the same trend was observed in the drainage water. This shows that human impact increases the suspended Cd in the early stages of cultivation, and this can become the source of Cd to surrounding paddy fields.
Water balance in the paddy field
The amount of irrigation water (3,906 m 3 ) was less than seen in an average year (Table 2 ). This is because the irrigation tap was controlled often by the FY2005. However, the figures estimated for evapotranspiration were large. For this reason, the input/output balance was a negative value.
This means that the groundwater was supplied through the circumference of the paddy field. This could indicate that the figures for evapotranspiration were an overestimation.
This can be explained. The observation tower was located on the irrigation side of the field, and the soil moisture around the tower was relatively high. However, the soil from the drainage part or what is the central part of the field was dried more. Fortunately, in this study, the data and samples from the FY2002 were used for calculating Cd The negative values indicate the supply of groundwater is from the circumference of paddy field. In this study, the percolation data and samples from FY2002 were used for calculating Cd leaching. Therefore, the negative values do not influence the calculation of Cd balance.
leaching. Therefore, the overestimation of evapotranspiration does not influence the calculation of Cd balance.
Input/output balance of Cd and paddy field management
The input of bulk Cd was 46.2 mg (86 mg ha 21 ) during the early stages of cultivation (which is until the rice-planting period; Table 3 ). Cd from the irrigation water, precipitation, and the output drainage water, was 199.5 mg (369 mg ha 21 ).
After the rice-planting period, the Cd input/output balance changed and Cd accumulated in the soil. Most of the input of Cd depended on precipitation. The output Cd was mainly dissolved Cd from the beginning of irrigation and puddling, which was approximately 96% and 69%, respectively of the total output. These figures suggest that in the early stages of 
